Abstract The objective of this study was to determine whether BMP-2 and -14, noggin, and chordin could be detected in human fractures and to assess their regional and cellular distribution. The expression of these proteins was detected by immunohistochemistry in an archive of human fractures. BMP-2 and BMP-14 expression was strongest in areas of cartilage formation and, to a lesser extent, in areas of bone formation. Within areas of cartilage formation, both BMP-2 and BMP-14 were expressed more strongly by the non-hypertrophic chondrocytes. The BMP inhibitors noggin and chordin were also expressed most intensely in areas of cartilage formation and there was no difference in their expression between the non-hypertrophic and hypertrophic chondrocytes. Our study demonstrates the expression of BMP-14 and the BMP inhibitors in human fractures for the first time, and our findings will contribute to an improved understanding of the physiological processes in bone repair.
Introduction
Fracture repair is a complex phenomenon, involving various cellular and molecular processes, under the influence of growth factors, biomechanical forces, and other systemic factors [4, 19] . A critical family of growth factors involved are the bone morphogenetic proteins (BMPs), which have received considerable attention because of their potential clinical applications. Cellular responses to BMPs are initiated by their binding to transmembrane receptors, whose cytoplasmic domains become phosphorylated at specific serine and threonine residues, thereby triggering Smad intracellular signalling pathways [24] . BMPs have been studied extensively in animal models of fracture repair, and BMP-2 and BMP-7 are currently in clinical use [3] . BMP-2 has been shown to be among the most osteoinductive members of the family, with biological activity throughout most of the stages of fracture repair [6] .
A lesser known member of the BMP family is BMP-14, also known as growth and differentiation factor-5 and cartilage-derived morphogenetic-protein-1. BMP-14 influences endochondral bone growth [22] and its ectopic implantation intramuscularly induces the formation of cartilage and bone [9] . BMP-14 deficiency inhibits long bone fracture healing, secondary to a delay in the cellular recruitment and chondrocyte differentiation [7] . It is not known at what stage of fracture repair BMP-14 is expressed and which cells express the protein.
Although BMPs have shown some promise in improving fracture repair, there are still limitations associated with its widespread clinical use. Recombinant BMP-2 and BMP-7 are used clinically at supra-physiological concentrations and are very expensive. There is a distinct paucity of human data to match the impressive regenerative capacities shown by BMPs in animal models of fracture repair [14] . There is therefore a need for an improved understanding of the in vivo physiological activity of BMPs in human fractures.
The activity of BMPs can be limited by a number of extracellular physiological antagonists, which bind to them and interfere with their ability to induce receptor activation. These extracellular BMP inhibitors share structural similarities with their ligands, and when they bind to BMPs they prevent the subsequent binding of the BMPs to the BMP receptors. Two BMP inhibitors which have been studied in developmental systems are noggin and chordin.
Noggin is known to bind and antagonise BMP-2, 4, and 7, with a higher affinity for BMP-2 and 4 [27] . Noggin inhibits BMP-4 activity in a competitive manner by binding to BMP-4 and consequently interfering with the ability of BMP-4 to bind to cell-surface receptors [27] . Additionally, noggin has been shown to interact directly with BMP-14 in vitro and influences its effects on the skeletogenesis of the embryonic chick [17] . Chordin also binds BMP-2, 4, and 7, in a similar fashion to noggin [20] . To date, the expression of BMP inhibitors has not been demonstrated in human fractures.
The objectives of this study were therefore to determine whether BMP-2 and -14, noggin, and chordin could be detected in human fractures and to assess their regional and cellular distribution in healing fractures. Although the expression of BMP-2 has been demonstrated in human fractures previously [12] , its relative expression compared to BMP inhibitors is not known. In in vitro models of osteogenesis, BMP inhibitors, such as noggin and chordin, are produced by osteoprogenitor cells and reduce the rate of osteogenic differentiation by exerting a paracrine/autocrine effect on physiologically-produced BMP-2 [1, 13] . The primary hypothesis driving this study was therefore that the physiological production of BMP inhibitors would occur in areas of bone formation during fracture repair in man. A sub-hypothesis was that the expression of the BMP inhibitors would be strongest in osteoprogenitor cells.
Owing to the importance of BMP-14 in endochondral bone growth, it was also hypothesised that BMP-14 would be expressed locally in areas of cartilage formation within healing fractures.
Materials and methods

Human fracture specimens
The availability of fracture calluses from humans is limited. For sound ethical and clinical reasons, it is not possible to biopsy human fractures which are healing normally, as this would interfere with the healing process. Instead, to investigate healing fractures, our group and others have obtained biopsies from patients undergoing surgery and who were subsequently found to have fracture union on follow-up [2, 12] .
All tissue samples used in this study were obtained with the approval of the Central Manchester and Manchester Children's University Hospitals Local Research Ethics committees (in accordance with the Helsinki declaration) and informed consent was obtained from the patients. Biopsies of fracture calluses were obtained from patients who were being surgically treated for failure of conservative management, or failure of the original surgical fixation to maintain alignment of their fracture. These operations were all performed between one and four weeks after the initial injury. The biopsies were taken from 15 patients, aged between 18 and 87 years, who were otherwise fit. The sites of the fracture biopsies were extra-articular sites of the humerus, clavicle, femur, tibia, fibula, and acetabulum. All fractures were found to have united on subsequent follow-up.
The biopsy specimens were fixed in 10% neutral buffered formalin and decalcified in 20% EDTA (pH 7.2) until radiologically complete (two to four weeks). The specimens were then embedded in paraffin wax and sectioned at 5 μm. One slide per patient was stained with haematoxylin and eosin for routine evaluation of the stage of fracture repair and other slides used for immunohistochemical analysis.
Immunohistochemical analysis
All chemicals used were from Sigma-Aldrich UK, unless stated otherwise. Goat and rabbit (noggin only) polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, California, USA) were used for the immunohistochemical detection of the four proteins under investigation.
The sections were prepared for the immunohistochemistry by first dewaxing and rehydrating. After washing in deionised water, sections were exposed to their respective antigen retrieval system at 37°C. BMP-2 antigen retrieval consisted of exposure to 0.4% pepsin in 0.01 M hydrochloric acid for twenty minutes. BMP-14 antigen retrieval was performed by twenty-minute treatment with 0.01% chymotrypsin 0.1% CaCl 2 dissolved in Tris buffered saline (TBS). Noggin and chordin antigen retrieval was performed with exposure to 1 mg/ml of trypsin for fifteen minutes. The endogenous peroxidase enzyme activity was blocked using methanol containing 3% hydrogen peroxide for thirty minutes at room temperature. Following washing, nonspecific binding was inhibited by the following incubation for thirty minutes at room temperature in a humid chamber: 10% swine serum/ 1% BSA (bovine serum albumin) for noggin, 10% donkey serum/2% BSA for chordin, 10% donkey serum/1% BSA for BMP-2, and 10% donkey serum/1% BSA for BMP-14.
Immunostaining was then carried out by applying the appropriate concentration of antibody to each sample (BMP-2: 1:10; BMP-14: 1:100; noggin 1:200; chordin 1:100) and incubating overnight at 4°C. As a negative control, normal IgG at the equivalent concentration was used in place of the primary antibodies. Following incubation, the samples were washed in TBS and incubated with the biotinylated secondary antibody (Santa Cruz Biotechnology) for one hour at room temperature. The avidin-biotin-peroxidase complex (Elite ABC Reagent, Vector Laboratories, Burlingame, CA, USA) was then added for thirty minutes at room temperature. The colour reaction was developed with use of 3, 3-diaminobenzidine tetrahydrochloride solution. Counterstaining was performed with use of Mayer's Haematoxylin (Raymond A Lamb, East Sussex, UK), dehydrated, and a coverslip applied with Pertex (Histolab, Gothenburg, Sweden).
Image and statistical analysis All slides were visualised using a Leica RMDB research microscope (Leica Camera Limited, Knowlhill, Milton Keynes, UK), and images were captured using a digital camera and Delta Pix Viewer Software (Delta Pix, Maalov, Denmark). Following immunohistochemistry, positive and negative controls were examined to check that the intensity of immunoreactivity was similar in all experiments. The slides were examined, using a ×10 objective lens, to determine whether there was positive staining in osteoblasts, osteocytes, fibroblastic cells, osteoclasts, non-hypertrophic chondrocytes, and hypertrophic chondrocytes. The characteristic hypertrophic morphology of chondrocyte rounding up, enlargement and the presence of a light staining cytoplasm, was used to distinguish between the two types of chondrocytes.
The proportion of all the cells staining positively within the cartilaginous area was evaluated using a previously established semi-quantitative scoring system [11] . For this purpose, each sample was scored according to: (a) the percentage of labelled cells (0=absence of labelling over cells; 1=less than 30% cells labelled; 2=30-60%; and 3= more than 60%); and (b) the intensity of immunostaining (0=no staining; 1=weak; 2=mild; and 3=strong staining). Multiplication of both scores allowed the final scoring of samples, ranging from 0 to 9.
Comparison of immunohistochemistry score between the corresponding groups (hypertrophic vs non-hypertrophic chondrocytes) was made by the Student's t test, using Microsoft Excel Software (Microsoft, Redmond, WA, USA), and the graphs were produced using Graph Pad Prism Software (Graph Pad, San Diego, CA, USA).
Results
Histological findings
Histological examination demonstrated the heterogeneous appearance of healing human fracture calluses (data not shown). There was a mixture of haematoma, fibrous tissue, woven and lamellar bone, and cartilage. Because of this heterogeneous appearance, a previously described classification was applied to group callus specimens into grades 1-3 according to the predominant type of tissue: grade 1, haematoma and granulation tissue; grade 2, definitive 
Immunohistochemical findings
General findings
The expression of all four proteins in healing specimens was greatest in areas of endochondral ossification (stage 2), with some variation in the cell type within that region. There was no significant staining in stages 1 and 3 of the healing fractures. In subsequent experiments, analysis focussed on stage 2 of the fractures.
Expression of BMP inhibitors
Both noggin and chordin were expressed most intensely in areas of cartilage formation (Figs. 1 and 2) . Staining was not predominant in any one particular cell type in areas of cartilage formation. There was no significant difference in staining between the hypertrophic chondrocytes and the non-hypertrophic chondrocytes for chordin and noggin. In addition, noggin expression was detected in active osteoblasts in areas of bone formation and its expression was also strong in endothelial cells and pericytes of the newly formed blood vessels of the fracture callus (Fig. 1) . There was occasional expression of chordin in osteoblasts in healing human fractures (Fig. 2) .
Expression of BMP-2 and -14
Of the four proteins under investigation, BMP-14 demonstrated the strongest staining in human fractures (however, different antigen presentation methods were used for the four proteins). A larger proportion of non-hypertrophic chondrocytes were immunopositive for BMP-14 and the intensity of staining was greater than the hypertrophic chondrocytes (Fig. 3) . There was a statistically significant difference in the immunohistochemistry scores for BMP-14 of non-hypertrophic vs hypertrophic chondrocytes (p=0.04) (Fig. 5) . Expression of BMP-14 in osteoblasts and fibroblastic cells was also detected, although expression of BMP-14 was strongest in areas of cartilage formation. BMP-2 expression was strongest in areas of endochondral ossification, with the non-hypertrophic chondrocytes staining more intensely than the hypertrophic chondrocytes (Fig. 4) . The immunohistochemistry scores for BMP-2 between the two types of chondrocytes were also statisti- cally different (p=0.05) (Fig. 5) . BMP-2 was also expressed in osteoblasts, osteocytes, and osteoclasts to a lesser extent.
Discussion
The initial focus of this study was to demonstrate the expression of the BMP inhibitors, noggin and chordin in human fractures. We chose to focus on these two BMP inhibitors because it has been shown that noggin blockade increases the osteogenic differentiation of murine MSCs [23] , and chordin inhibition leads to an increase in the rate of osteogenic differentiation of human MSCs [13] . These studies suggest that it may be possible to increase the rate of fracture repair in vivo by downregulating the activity of physiologically expressed BMP inhibitors. The cellular expression of noggin was previously demonstrated in rodent fractures [25] , while, to our knowledge, there are no published studies of the cellular expression of chordin in fracture repair.
This study shows, for the first time, that BMP inhibitors are expressed in human fractures. BMP inhibitor expression was present in areas of bone formation, as hypothesised. However, their expression was strongest in areas of cartilage formation, suggesting that BMP inhibitors have an important role in the cartilaginous bone formation route of fracture repair. Noggin was also expressed strongly within the cells of the vasculature, implying that these cells might have a role in fracture repair. It has been recently reported that endothelial cells co-express BMP-4 and noggin under some pathological conditions [5] .
There was no detectable expression of BMPs nor of their inhibitors in stages 1 and 3 of human fractures. This implies that there is no endogenous expression of BMP-2 and -14, noggin and chordin during the haematoma and bone matrix remodelling stage of fracture repair. BMP-2 and BMP-14 were consistently expressed by osteoblasts and occasionally by osteocytes too. Noggin and, to a lesser extent, chordin were also expressed by osteoblasts, while there was no detectable expression of BMP inhibitors in osteocytes.
The observation that BMP inhibitor expression was strongest in areas of cartilage formation led to the investigation of a member of the BMP family, which is known to be involved in cartilage formation and had not previously been shown to be expressed in human fractures, namely, BMP-14. BMP-14 deficiency inhibits long bone fracture healing, secondary to a delay in the cellular recruitment and chondrocyte differentiation [7] . In a transgenic mouse model over-expressing BMP-14, it was found that BMP-14 promotes the chondrocytes to become hypertrophic [22] . In this study, it was shown that BMP-14 was strongly expressed by the non-hypertrophic chondrocytes and, to a lesser extent, hypertrophic chondrocytes, osteoblasts, and some osteocytes. The distribution of BMP-2 was almost similar to that of BMP-14, although the expression of BMP-2 was not as intense as that of BMP-14.
The pattern of expression of BMP ligands and their inhibitors in cartilaginous areas of fracture repair is interesting and may give insight into the physiological control of the maturation of chondrocytes during the endochondral ossification stage of fracture repair. Previous investigations into the effects of BMP signalling on chondrocyte maturation and hypertrophy have produced conflicting results [15] . Previous in vitro studies also demonstrate that noggin and BMPs modulate the chondrogenic differentiation of mesenchymal stem cells [10, 18] . Chordin attenuates the progression of the growth plate chondrocytes from proliferation to hypertrophy [26] . It is also known that BMP inhibitors are expressed by chondrocytes in human articular cartilage and that an abnormality in the expression of chordin may be involved in the pathogenesis of osteoarthritis [21] .
The ratio of BMPs: BMP inhibitors' expression was higher in the areas occupied predominantly by nonhypertrophic chondrocytes, compared to those in which hypertrophic chondrocytes were predominant. Our data on the local expression of BMPs and their inhibitors in areas of cartilage formation suggest that there is a decrease in the gradient of BMP ligands when the chondrocytes change in morphology from the non-hypertrophic to hypertrophic phenotype. We believe that this has not been reported previously. The ratio of BMPs and their inhibitors may have a role in the duration of the endochondral ossification stage of fracture repair. This would explain why the pharmacological application of BMP-2 increases the rate of callus maturation in a rodent model of fracture repair [8] .
To date, biological methods of improving fracture repair have focussed on promoting an osteoinductive environment, via the delivery of BMPs [3, 16] . However, targeting BMP inhibitors, such as chordin and noggin, may provide a novel therapeutic strategy in improving fracture repair [13, 23] . The downregulation of BMP inhibitors in vivo may be achieved with a local injection of short interfering RNA at the site of skeletal injury, an approach yet to be validated in animal models. Alternative approaches include the use of neutralising antibodies, gene transfer, and the design of small molecule antagonists.
In summary, the novel finding of this study is that the expression of the BMP inhibitors, noggin and chordin, was strongest in areas of cartilage formation and, to a lesser extent, areas of bone formation in human fractures. These findings can have useful implications in the treatment of fractures.
